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**The  nature  of  machining  flaws  introduced  in  a  variety  of  glass,  single  crystal,  and  especially  poly- 
crystal  bodies  are  reported,  ha sed  on  frartographic  determination  of  such  flaw*  a*  the  source  of  mechanical 
failure.  Particular  attention  is  given  to  grinding  where  the  aniaotmpy  of  drength  due  to  the  direction  of 
grinding  relative  lo  the  tensile  avis  is  shown  to  be  due  primarily  to  a  dual  population  of  flaws  of  differing 
shapes  One  set  of  flaw*  form  ■»  perpendicular  and  another  "1  parallel  to  the  grinding  direction  The 
latter  flaws  are  typically  substantially  more  elongated  and  often  larger  than  the  former  and  thus  give  lower 
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3).  Abstract  (Continued) 


drcnglhs  fur  dressing  prrpritdiruUr  to  thr  direction  of  grinding  Sawing,  sanding,  and  polishing  arr  almi 
shown  to  result  in  similar  dual  flaw  population*.  Thr  character  of  flaw*  arr  rxaminrd  at  a  function  of  thr 
t>pr  of  material  and  machinii*.  as  writ  at  tprnmrn  *ixe  and  thapr.  Thr  latlrr  suggests  a  limited  strength- 
a/e  effect  due  to  machining  flaws,  However,  the  kry  findings  arr  that  machining  flaws  do  not  vary 
greatly  with  typical  variation*  of  machining  or  material  parameter*,  eg.  composition, gram  lire. or 
hardness. 
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THE  NATURE  OF  STKENCTH  CON THOU.  I  NO 
MACHINING  FLANS  IN  CERAMICS 


1.  Introduction 

Machining  of  most  glasses,  single  crystals,  and  dense  polycrystal  1 1 ne 
specimens  Is  typically  assumed  to  Introduce  flaws  which  control  their  mech¬ 
anical  strength.  However,  in  discussing  the  evidence  for  such  flaw  con¬ 
trolled  failure  versus  dislocation  controlled  failure,  Klee  [l]  ,  at  the 
previous  Machining  Conference,  pointed  out  that  there  had  been  little  or  no 
direct  verification  of  flaw  failure.  This  paper  suramarl/.es  and  significantly 
extends  recent  work  on  the  nature  of  flaws  Introduced  in  a  variety  of  ceram¬ 
ic  materials,  as  a  function  of  various  machining  and  specimen  parameters  [ 2 - 
9].  The  nature  of  the  two  flaw  populations  that  result  In  the  common  ani¬ 
sotropy  of  strength  associated  with  different  grinding  directions  are  treated 
first.  Then,  more  limited  studies  of  other  modes  of  machining  are  compared 
with  these  grinding  studies,  followed  by  sume  discussion  of  flaw  variations 
and  distributions. 


^Present  mailing  address:  Sandia  Laboratories ,  Albuquerque,  New  Mexico  87185. 
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Figures  in  brackets  Indicate  the  literature  references  at  the  end  of  this 
paper. 
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2.  Experimental  Procedure 


The  grinding  observations  summarized  here  cover  several  years  Involving 
several  machine  operators  as  well  as  a  variety  of  materials.  Grinding  was 
done  predominantly,  but  not  exclusively,  with  320  grit  diamond  wheels,  most 
often  either  with  a  vitreous  bonded  wheel  (~  10  cm  dla.  operating  at  — 

7900  rpm)  or  a  metal  bonded  whoel  20  cm  dla.  operating  at  ~  1725  rpm).  A 
range  of  feed  rates,  commonly  of  the  order  o(  1  cm/sec,  and  depths  of  cut, 
commonly  —  0.05  mm ,  per  pass  and  at  least  two  different  sizes  and  styles  of 
grinding  machines  have  been  used  [3,10,11],  In  addition,  some  observations 
are  from  specimens  or  components  of  different  materials,  sizes,  and  config¬ 
urations,  ground  and  tested  by  at  least  three  other  organizations.  Thus, 
the  results  should  have  broad  applicability. 

Diamond  sawing  was  with  typical  diamond  saws,  e.g.  as  described  else¬ 
where  Cio]  with  cutting  rates  of  the  order  of  2  cm2/»ln  for  the  MgF'v  of  this 
study.  Hand  sanding  was  done  with  320  or  600  grit  SIC  paper  under  dry  con¬ 
ditions  with  finger  pressure  only.  Diamond  polishing  was  typically  done  to 
~  1  grit  size  on  a  maple  lap  with  kerosene  as  a  fluid.  Some  specimens  or 
components  were  polished  and  tested  In  other  laboratories. 

Mechanical  testing  was  typically  by  3  point  flexure  at  ~  22°C  on  bars 

—  1.3  x  2.6  mm  In  cross  section  on  a  span  of  —  1.3  cm  with  a  head  travel  of 

—  1.3  mm/min,  but  other  size  and  test  results  are  Included.  Fracture  origins 
were  determined  on  tested  samples  by  optical  and  scanning  electron  microscopy 
using  the  techniques  described  by  Rice  .12], 


3.  Strength  Anisotropy  and  Flaw  Shape  as 
a  Function  of  Grinding  Direction 

At  the  previous  ceramic  machining  conference,  Rice  reported  studies 
showing  that  an  anisotropy  of  strength  resulted  in  a  variety  of  glasses, 
single  crystal,  and  polycrystal  1 ine  flexure  bars  as  a  result  of  stressing 
relative  to  the  grinding  or  sanding  direction  and  the  bar  axis  111].  Char¬ 
acteristically,  tensile  stresses  parallel  with  the  grinding  direction,  l.c. 
parallel  to  tho  bar  axis,  gave  the  highest  strength,  while  tensile  stresses 
perpendicular  to  the  grinding  direction  gave  a  lower  strength,  often  by  up 
to  5(71.  Klrchner  also  Independently  reported  similar  anisotropy  of  strength 
relative  to  the  grinding  direction  of  round  rods  of  fine  grain  AI2O3  [l3]. 
Subsequently,  other  Investigators  have  reported  similar  anisotropies  of 
strengths  especially  In  hot  pressed  SI3N4  ]l<]  which  was  also  Included  In 
Rice's  original  study. 

Rice  originally  proposed  that  the  cause  of  this  anisotropy  of  strength 
was  stress  concentrations  associated  with  resultant  grinding  striations  or 
grooves  that  could  be  viewed  as  two  facing  surface  steps,  each  having  a 
stress  concentration  associated  with  It  of  —  1  ♦  0.7  (h/r)  where  h  Is  the 
height  of  the  stops  and  r  Is  the  radius  of  curvature  at  the  base  of  the 
step.  Thus,  for  stressing  parallel  with  tho  grinding  striations  there  would 
be  no  stress  concentration  while  for  stressing  perpendicular  to  the  direc¬ 
tion  of  grinding  the  stress  being  normal  to  the  grinding  striations  would 
provide  the  maximum  stress  concentrations  at  the  surface  steps  or  grooves. 
Several  subsequent  Investigators  have  also  generally  associated  the  strength 
anisotropy  with  those  grinding  striations.  However,  there  arc  two  factors 
which  show  that  those  grinding  striations  arc  typically  not  a  major  factor 
In  the  anisotropy  of  strength  associated  with  stressing  relative  to  the 
grinding  direction. 

The  first  factor  showing  that  the  grinding  grooves  thermselves  are 
probably  not  the  predominant  factor  in  the  strength  anisotropy  as  a  function 
of  the  stress  direction  relative  to  the  grinding  direction  Is  a  closer  eval- 
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uation  of  the  nature  of  the  Ki'°°v«9  themselves  and  their  possible  stress 
concentration.  If  a  grit  particle  gouged  out  a  simple  groove  defined  by  the 
average  upper  limit  of  its  protrusion  from  the  grinding  wheel,  h  ~  r,  it 
would  give  an  ~  71 ti  Increase  in  the  component  of  stress  normal  to  the  groove. 
Thus,  if  h  were  of  the  order  of  the  flaw  sizes  in  ceramics,  the  ~  7CW 
stress  concentration  would  suggest  the  possibility  that  the  grooves  them¬ 
selves  are  the  source  of  failure.  However,  examination  of  more  severe  grind¬ 
ing  grooves  which  are  typically  associated  with  the  flaws  causing  failure 
shows  that  h/r  <  1,  e.g.  1,  which  is  also  indicated  in  the  single  particle 
machining  experiments  of  Gielisse  et  al  l  15].  This  reduces  the  stress  con¬ 
centration  to  —  30*  or  less.  While  local  irregularities  in  the  grooves 
would  locally  increase  the  stress  concentrations,  these  are  not  likely  to 
extend  over  a  sufficient  range  to  change  the  situation.  Further,  the  grooves 
often  do  no  appear  to  be  as  deep  as  typical  flaws.  Another  aspect  of  the 
grooves  themselves  that  indicates  they  are  not  the  predominant  cause  of 
strength  anisotropy  is  the  fact  that  they  are  often  not  continuous  [ll], 
and  failure  is  observed  to  sometimes  occur  where  grooves  have  not  formed 
or  have  been  removed  by  spalling.  Note  also  that  correlations  between  grit 
particle  size  and  flaw  sizes  *16-19]  do  not  have  to  arise  frum  the  groove 
being  the  flaws.  It  is  quite  likely  that  the  different  sized  grit  particles 
act  as  different  size  indentors  with  larger  grit  sizes  introducing  cracks 
that  extend  deeper  below  the  surface.  Thus,  cracks  extending  In  from  the 
surface  due  to  the  grooving  by  the  particle  may  well  correlate  with  particle 
size.  However,  because  of  the  increased  distance  of  the  crack  periphery 
from  the  surface  steps,  the  effect  of  the  step  stress  concentration  on  the 
crack  would  be  greatly  reduced. 

The  second,  and  major  factor,  showing  that  the  grinding  striations 
themselves  are  typically  not  a  major  factor  in  the  anisotropy  of  strength  as 
a  result  of  stressing  relative  to  the  grinding  direction  is  direct  fracto- 
graphlc  identification  of  the  nature  of  flaws  from  which  mechanical  failure 
initiates  in  specimens.  The  net  result  of  a  substantial  amount  of  study  is 
that  there  are  basically  two  different  sets  of  flaws  extending  into  the  body 
from  the  surface  generated  by  grinding  (figure  1).  Sample  fractographs  Il¬ 
lustrating  the  difference  in  shape  between  the  two  sets  of  flaws  arc  shown 
for  fine  grain  (figure  2),  large  grain  (figure  3),  and  single  crystal  bodies 
(figure  4).  Other  examples  will  be  shown  and  discussed  later.  Additional 
examples  of  the  two  sets  of  flaws  can  be  seen  in  references  3-9  and  20-24. 

These  studies  show  that  one  set  of  flaws  form  essentially  parallel  with, 
and  approximately  at,  the  bottom  of  the  grinding  groove.  The  other  set  of 
flaws  typically  form  —  perpendicular  to  the  grinding  grooves,  apparently  due 
to  stick-slip  or  other  dynamic  variations  in  local  tensile  stresses  gener¬ 
ated  by  the  machining  action  -  parallel  with  the  directions  of  machining,  l.e. 
of  grinding  particle  motion.  Typically,  both  sets  of  flaws  extend  to  simi¬ 
lar  depths.  However,  the  flaws  forming  along  the  grinding  grooves  are  char¬ 
acteristically  more  severe  than  those  forming  perpendicular  to  the  grinding 
grooves  consistent  with  the  observed  strength  anisotropy.  The  greater  se¬ 
verity  of  the  flaws  along  the  grinding  grooves  is  generally  due 
more  to  their  greater  length  rather  than  their  depth  (figures  1-4). 

Analysis  of  extensive  observations  of  the  anisotropy  in  flaw  shape  be¬ 
tween  the  two  sets  of  flaws  on  strength  is  given  in  table  1.  Here  the  ob¬ 
served  anisotropy  of  strength  is  compared  with  the  strength  anisotropy  pre¬ 
dicted  from  the  Griffith  equation  using  the  observed  flaw  size  and  shape 
parameters.  This  clearly  shows  that  the  anisotropy  in  flaw  shape  is  typic¬ 
ally  the  overwhelming  factor  in  the  strength  anisotropy. 

.  In  addition  to  the  above  more  detailed,  quantitative  studies,  a  variety 

of  qualitative  observations  further  extend  the  scope*  of  the  observation  of 
strength  anisotropy  being  due  to  the  differences  in  shape  of  the  two  flaw 
populations  associated  with  machining  as  indicated  in  table  2.  Thus,  for 
example,  in  studies  of  hot  pressed  SI3N4,  limited  determinations  of  machin¬ 
ing  flaws  at  fracture  origins  of  bars  machined  parallel  with  the  tensile (bar) 
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Figure  1.  Schematic  representation  of  flaws  Introduced  In  scratching  a 
ceramic  surface.  While  the  main  focus  of  the  schematic  Is  the  effect  of 
an  abrasive  grit  particle  on  the  surface  of  the  ceramic,  it  is  also  rea¬ 
sonably  representative  of  what  commonly  happens  In  a  scratch  hardness 
type  test.  One  of  the  main  differences  between  these  two  types  of  scratch¬ 
ing  operations  Is  that  In  the  abrasive  machining  operation  extensive  spal¬ 
ling  often  occurs  along  the  path  of  the  grit  particle  which  la  not  shown 
In  order  to  koop  the  schematic  simple.  Such  spalling  may  or  may  not  occur 
In  the  scratch  hardness  type  test  depending  for  example  on  the  load  and 
material.  This  sketch  schematically  summarizes  the  basic  findings  of  ex¬ 
tensive  observations  on  machining  flaws  which  arc  also  generally  consistent 
with  observations  made  from  scratch  testing;  namely  that  the  motion  of 
particle  or  an  lndentor  over  the  surface  Introduces  two  sets  of  flaws  ex¬ 
tending  Into  the  body  from  the  surface.  One  set  of  flaws  Is  essentially 
parallel  with  the  groove.  Such  flaws  are  typically  reasonably  elongated 
either  In  a  fairly  continuous  fashion  or  In  a  more  Irregular  fashion  due 
to  the  partial  or  complete  overlap  of  a  number  of  shorter  flaws.  The 
second  set  of  flaws  are  typically  approximately  perpendicular  to  the  mo¬ 
tion  of  the  particle  or  point  and  their  periphery  often  approaches  a  semi¬ 
circle.  While  some  of  the  second  type  of  flaws  may  be  relatively  planar 
they  often  have  some  concavity  towards  the  direction  from  which  the  par¬ 
ticle  or  point  approached  the  point  where  the  flaw  Initiates.  The  Insert 
to  the  right  schematically  Illustrates  the  approximate  analogue  for  a 
static  Indentation.  While  for  simplicity,  a  round  particle  has  been  shown 
from  which  more  than  two  sets  of  flaws  might  well  form  in  a  simple  Indenta¬ 
tion  test  only  two  have  been  shown  here  since  this  would  tend  to  be  more 
representative  of  the  angular  nature  of  particles  similar  to  what  one  ob¬ 
tains  with  an  angular,  e.g.  Vickers,  lndentor. 


Figure  2.  Example  of  machining  flaws  at  fracture  origins  In  a  fine  (train 

ceramic  machined  parallel  and  perpendicular  to  the  tensile  axis  of  the 

bar.  A  and  B  represent  lower  and  higher  magnification  of  the  fracture 
origin  of  a  dense,  fine  grain  mulllte  bar  machined  parallel  with  the 
tensile  axis;  fracture  stress  ~  325  Mi*a  (47,000  psl).  Note  t  lie  nearly 

semicircular,  l.e.  half-penny  shape  of  the  flaw  periphery,  but  that  the 

flaw  has  some  curvature  to  It,  e.g.  Its  shape  is  similar  to  half  a  clam 
shell.  Figure  C  and  1)  show  fracture  surfaces  and  the  fracture  origin  of 
a  test  bar  of  the  same  material  ground  perpendicular  to  the  tensile 
axis;  fracture  stress  ~  207  111*8  (30,000  psl).  Note  some  difference  In 
depth  of  the  flaws  in  A-f),  the  more  elongated  character  of  that  in  C  and 
D,  and  the  fact  that  the  latter  consists  of  at  least  two  partially  over¬ 
lapping  segments. 


B 

F inure  3.  Examples  of  machining  flaws  at  the  fracture  origins  for  parallel 
and  perpendicular  machining  of  a  large  grain  ceramic.  A  and  0  show 
the  fracture  origin  area  and  the  specific  failure  causing  flaw  (arrows) 
as  a  result  of  grinding  a  dense,  sintered  Y2O3  (Yttralox)  bar  parallel 
with  the  tensile  axis.  Note  the  nearly  semicircular  nature  of  the  final 
flaw  boundary  and  that  the  flaw  is  substantially  less  than  the  sl/.o  of 
the  grain  in  which  it  formed.  C  and  I)  show  the  fracture  surface  and 
fracture  origin  (arrows)  of  a  specimen  of  the  same  material  ground  per¬ 
pendicular  to  the  tensile  axis.  Note  the  more  elongated  character  of 
the  flaw  but  that  it  is  again  substantially  smaller  than  the  sl/.e  of 
the  grain  in  which  it  is  located. 
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Figure  4.  Examples  of  flaws  at  the  fracture  origins  1 
pendlcular  ground  IIKAI2O4  single  crystal.  A  and  I) 
surface  and  fracture  origin  (arrows)  of  a  stolchlome 
ground  parallel  with  the  <100>  tensile  axis  and  hav 
surface,  fracture  stress  —  145  MPa  (21,000  psi).  C 
fracture  surface  and  origin  (arrows)  of  a  sample  of 
and  orientation  ground  perpendicular  to  the  tensile 
stress  ~  117  MPa  (17,000  psi).  While  the  flaw  shape 
somewhat  more  Irregular  than  often  observed,  the  fla 
from  machining  parallel  with  the  tensile  axis  is  def 
depth  but  less  elongated  than  that  causing  failure  f 
pendlcular  to  the  tensile  axis. 
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axls  show  the  flaws  to  commonly  approach  —  half  penny  flaws,  while  more  ex¬ 
tensive  observations  on  specimens  ground  perpendicular  to  the  tensile  axis 
both  in  the  form  of  flat  bars  and  round  tensile  specimens  clearly  show  much 
more  elongated  flaws  '20,21j  (see  also  fig.  1M ) .  Similarly,  large  round 
tensile  specimens  of  AI2O3  which  were  ground  circumferentially  [22],  l.o. 
perpendicular  to  the  tensile  axis  characteristically  show  more  elongated 
flaws  at  fracture  origins  than  observed  in  AI2O3  or  other  materials  ground 
parallel  with  their  tensile  axis.  Also,  limited  studies  of  8-AI2O3  bars 
ground  perpendicular  to  the  tensile  (bar)  axis  show  more  elongated  flaws  at 
fracture  origins  than  the  —  penny  shaped  machining  flaws  at  fracture  origins 
of  bars  ground  parallel  with  the  tensile  axis  .23,.  There  are  also  prelim¬ 
inary  indications  of  strength  anisotropy  in  a  cermet  (table  2).  Finally, 
Richerson  has  shown  evidence  of  grinding  direction  dependent  strengths  in 
some  denser  reaction  sintered  Sl^N*  ,24,  consistent  with  other  observations 

•rial  120,21]. 


of  machining  flaws  in  such  matei 


The  observations  of  this  section  on  two  sets  of  flaws  from  grinding, 
one  set  forming  generally  parallel  with  and  essentially  ~  along  the  bottom 
of  the  grooves  generated  by  the  individual  grinding  particles  and  the  other 
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TABLE  1 


EFFECT  OE  GRINDING  ON  FLAW  GEOMETRY  OK  CERAMICS 


Material 

Orient . 
or  G.S 

i ml 

1 

1  •  2 
G.D. 

No. 

Fracture 

Stress 

J  (MPa) 

c4 

U»»-> 

/K4,5 
a/b  * 

B7 

A.  Glasses: 

Silica 

1 

X 

7 

4 

73-tlO 

62  1 8 

45*16 

75*37 

1.3*. 4 
1.0*. 4 

0.84 

0.86 

Alumino¬ 

silicate 

1 

1 

12 

5 

1 1 7±10 
80*7 

39*9 

71*10 

1.61.2 

0.5*.l 

0.68 

0.69 

boros 1 llca to 

1 

X 

3 

4 

99*8 

92*9 

35*6 

39*9 

0.9*.3 

1.H.3 

0.9 

0.9 

Lead  Silicate 

1 

X 

7 

7 

69*3 

59*17 

43*17 

64*38 

1 .35*.6 
1.26*.8 

0.86 

0.82 

Soda  Lime 

1 

X 

25 

16 

97*5 

68*8 

28*9 

67*5 

1.6*.2 
0.5*. 2 

0.65 

0.65 

Glassy  CarBon 

B.  Crystals: 

T102 

<TlO> 

(110) 

1 

X 

1 

X 

10 

9 

6 

6 

94*9 

87*18 

113*7 

120*4 

40*9 

35*15 

25 

30 

0.9*.3 

1.2*.6 

0.7 

0.7 

0.93 

1.1 

1.03 

0.9 

tio2 

<iTo> 

(OOl ) 

1 

X 

5 

5 

113*3 

77*3 

30 

70 

1  .5 

1.5 

0.7 

0.7 

T102 

<010> 

(100) 

I 

X 

6 

5 

288*19 

239*12 

25 

1.3 

0.83 

— 

TiOa 

<010> 

(OOl) 

1 

X 

5 

5 

108*6 

103*6 

60 

70 

1.3 

1.3 

1.0 

0.9 

tio2 

<001  > 
(100) 

1 

X 

8 

7 

285*86 

183*36 

10 

35 

0.4 

0.18 

0.6 

0.5 

mkai2o4 

<100> 

(110) 

1 

X 

3 

3 

217*28 

165*28 

15*0 

14*7 

0.4*0.6 

0.4*0.6 

0.8 

0.8 

C.  Polycrystals: 

Koatlte  Glass 
Ceramic 

<  1 

ft 

X 

6 

7 

180*39 

102*8 

16*5 

36*15 

0.910.4 
0.5*0. 2 

0.6 

0.5 

<  1 

1 

X 

10 

10 

87*2 

53*2 

54*21 

89*20 

1.11.07 
0.5* .08 

0.6 

0.6 

Mulllte 

1-3 

1 

X 

7 

6 

319*35 

259*54 

41*23 

24*5 

1 .0*0 
0.4*0. 3 

0.8 

1.0 

B4C 

2-10 

1 

X 

5 

9 

374*69 

154*24 

19*3 

26*10 

1.0*0 

0.2*0.07 

0.6 

0.8 

b4c 

100-200 

1 

X 

4 

6 

282*228 

250*55 

19*9 

23*3 

0.7*0.5 
0.3*0. 2 

0.9 

0.7 

CaF2 

50-150 

1 

X 

3 

3 

50*13 

40*5 

23*7 

33*7 

0.  7*0.2 
0.6*0. 6 

0.8 

0.8 

Yttralox 

100-200 

1 

X 

6 

7 

99*6 

77*8 

36*13 

44*20 

0.8*0. 3 
0.710.3 

0.8 

0.9 

Orientation  of 

single 

crystals 

<  > 

gives  tensile  a, is 

,  and  (  ) 

tens  lie 

sur- 

(ace.  C.S 


g ra  1  n  «!/.«. 


2 

G.D.  *  grinding  direction  relative  to  tensile  am*. 

3 

No.  -  nuaber  of  specimens. 

4 

c  smallest  flaw  dimension  (smallest  of  a  or  t>  below). 


b  flaw  half  length  along  surface;  a  -  flaw  depth. 


Ratio  of  fracture  stress  for  perpendicular  to  parallel  grinding. 
7  ♦* 

■  a>  _ * 
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where  c  and  ct  are  the  smallest  flaw  dimension  for  paral- 
*■  lei  and  perpendicular  grinding  respectively  and  ♦  and 
are  respective  elliptic  Integrals  for  the  flaw  shapes. 


TABLE  2 


Material- 

Sapphire 
H.P.  A1203 

s.  ai2o3 

H.P.  Mulllte 

h.p.  e-Ai2o3 


OTHER  MATER  1  AI.S  IN  WHICH  GRINDING  DIRECTION 
EFFECT  HAS  II KEN  INDICATED*  HY 


X  X 

X  X 

X 


X  X 

X  X 


Material  2 

/.r(>2-flnc  grain 
partially  sta- 
bl  1  i/.ed 

H.P.  SIC 

H.P.  S13N4 

751  Ta^-25  In¬ 
i'  one  1  •’  Ce  rme  t 


In  studies  by  the  authors. 


2 

S  -  sintered,  H.P.  -  hot  pressed. 

3 

0  -  strength,  l.e.  strength  anisotropy. 


x 

x 

x 

x 


x 

x 

x 


4 

a,b  -  flaw  depth  and  half  length,  l.e.  flaw  geometry. 

’’From  selection  of  bars  with  ~  circular  pattern  milling  or  grinding  marks 
~  to  tensile  axis  (173  *  33  ksl)  and  ~  a  to  tensile  axis  (140  *  38  ksl) 
for  3  spec.  each. 


set  generally  forming  ~  perpendicular  to  those  grooves,  are  consistent  with 
cracking  patterns  observed  over  a  period  of  years  by  a  variety  of  investi¬ 
gators  for  both  static  hardness  Impressions  and  especially  dynamic,  l.e. 
scratch,  hardness  grooves  125-29]  Including  earlier  work,  Hrurhe  and 
Poppa  .25,  26],  Note  also  that  the  flaws  —  perpendicular  to  the  grinding 
direction  have  a  curvature  consistent  with  that  expected  for  the  motion  of 
the  grinding  particles.  Thus,  while  there  are  variations  In  these  two  sets 
of  flaws,  they  are  a  basic  aspect  of  grinding  as  well  as  other  machining 
processes  as  will  be  discussed  later. 

Before  proceeding  with  a  more  detailed  description  of  machining  flaws 
and  variables  effecting  them,  it  Is  appropriate  to  briefly  consider  the  de¬ 
tection  of  these  flaws  and  their  meaning.  Typically,  the  flaws  observed 
are  believed  to  be  the  original  machining  flaws  for  two  reasons.  The  first 


of  t  hose  is  based  on  the  fact  that  cracks  typically  propagate  normal  to  the 
tensile  stress  causing  their  propagation.  Thus,  since  the  orientation  of 
t  he  stress  forming  the  crack  during  am  tuning  can  almost  never  tie  duplicated 
by  the  npplled  stress  causing  failure,  the  crack  will  be  pro|iagated  on  a 
somewhat  different  surface  than  that  on  which  It  originally  formed.  ‘•'••is 
change  of  surface  results  in  a  demarcation,  which  is  generally  detectable 
unless  failure  is  nearly  or  completely  Intergranular,  In  which  case  the  de¬ 
marcation  Is  generally  obscured  by  the  grain  to  grain  variation  of  the 
crack  topography.  Since  other  possible  changes  in  local  stress  around  a 
crack  due  to  crack  velocity  effects  are  much  more  subtle.  If  they  exist  at 
all,  the  demarcation  between  the  original  flaws  and  Its  first  subsequent 
motion  for  failure  are  clearly  predominant  and  typically  what  Is  observed. 
This  is  a  major  reason  why  the  purely  qualitative  speculation  of  Doremus  .30 
that  similar  flaws  they  observed  at  the  fracture  origins  of  machined  glass 
bars  represent  not  the  original  flaws  hut  some  Intermediate  stage  of  failure 
should  be  rejected. 

The  second  reason  that  the  demarcation*  seen  are  attributed  to  the  or¬ 
iginal  flaws  rather  than  some  stage  of  subsequent  propagation  is  due  to 
changes  in  fracture  mode  that  can  occur  during  some  stage  of  propagation. 
Mecholsky  et  al  have  shown  that  environmentally  induced  slow  crack  growth 
often  proceeds  i nt e rg ranular 1 y  in  polycrystals,  e.g.  MgF.,  31 J.  Thus,  since 
both  the  original  machining  flaws  and  the  subsequent  final  fast  fracture  are 
mainly,  or  exclusively,  I ransg ranular  In  nature,  the  slow  crack  growth  re¬ 
gion  is  clearly  defined  showing  the  flaws  such  as  those  in  this  paper  to 
typically  be  the  original  flaw  ami  not  Involving  some  subsequent  subcrltlcal 
g  row  t  h  . 


4.  Other  Aspects  of  Machining  Induced  Flaws 

4.1  Mlcrost rue ture ,  Composition  and 
Machining  Flaws  from  (/rinding 

Extensive  studies  of  interaction  ol  machining  flaws  with  porosity  have 
not  been  conducted.  However,  a  number  of  observations  indicate  that  iso¬ 
lated  pores  m-ar  the  surface  can  be  connected  to  the  surface  by  machining 
flaws,  e.g.  figure  5.  See  also  figure  13C  and  l). 

Substantially,  more  extensive  observations  have  been  made  on  the  of- 
fect  of  grain  si/.e  on  machining  flaws.  The  essential  result  is  that  over 
the  typical  range  of  grain  sl/.es  encountered  there  is  at  best  a  limited 
decrease  In  the  depth  of  flaws  Introduced  by  machining  with  decreasing 
grain  size.  Thus,  for  example,  note  the  similarity  In  flaw  sl/.es  of  speci¬ 
mens  of  comparable  sl/.e  for  single  crystals  and  polycrystals  of  MgAl^O^  of 
different  grain  sl/.es  (compare  table  1  an;  figure  4  with  figure  3  of 
reference  22),  different  grain  sizes  of  H4C  (table  1)  and  single  and  poly- 
crystalline  flaws  in  Al203  22],  A  variety  of  other  more  limited,  e.g. 

non-quant i tat  Ive  ohaervat Ions ,  support  this.  For  example,  note  the  machin¬ 
ing  flaw  at  a  possible,  but  uncertain,  fracture  origin  in  large  grain  CVD 
in  figure  6  has  —  the  same  depth  as  the  typical  flaws  observed  in  fine  grain 
hot  press<*d  SI3N4  (see  references  20  and  21  as  well  as  figure  1H). 

Further,  note  in  general  that  there  are  limited  differences  in  flsw 
depths  and  no  systemmatic  pattern  between  materials  of  different  compositions 
and  hence  of  differing  properties  such  as  hardness.  Thus,  note  the  typical 
flaw  sizes  for  the  variety  of  materials  of  similar  specimen  size  and  a  com¬ 
mon  machining  direction,  do  not  vary  over  a  significant  range  (table  1). 

This  further  reinforces  the  limited  effect  of  grain  size  on  the  size  of  ma¬ 
chining  flaws  that  control  stronght  (e.g.  compare  figures  2-4).  The  rami¬ 
fications  of  the  observation  that  there  is  little  or  no  dependence  of  the 
size  of  machining  flaws  on  ({rain  size  of  the  body  being  machined,  are  dis¬ 
cussed  in  another  paper  22,. 
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FI tturt'  5.  Example  of  pore-machlnlng  flaw  interact  ion  as  a  aourcv  of  failure 
On  the  fracture  surface  of  thlN  commercial  leatl  /.lreonate  tltanate  sample 
three  similar  slate  machining  flaws  can  he  seen  along  the  surface.  Flaw  1 
has  connected  with  a  pore,  P,  somewhat  he  low  the  surface,  to  form  the 
primary  source  of  failure.  Flaws  2  and  3  indicate  two  other  machining 


Figure  fi,  ('.rinding  flaw  In  largo  grained  SI3N4.  \  and  R  show  respectively 
lower  and  higher  magnification  of  a  probable  fracture  origin  and  probable 
flaw  (arrows)  causing  failure  in  this  large,  columnar  grain,  ("VI)  SI3N4. 
Note  also  the  two  or  three  nearly  concentric  markings  suggesting  progres¬ 
sive  stages  of  flaw  .level  opment .  Such  markings  with  varying  spacing* 
are  observed  rairly  frequently  with  flaws  forming  approximately  perpen¬ 
dicular  to  the  direction  of  machining.  Photo  courtesy  of  Dr.  Carl  Cm.  Wu 


4.2.  Machining  Flaws  from  Other  Modes  of  Abrasive  Machining 


Three  other  major  modes  of  machining,  diamond  sawing,  hand  sanding  with 
abrasive  paper,  and  polishing  (with  diamond  paste)  have  been  studied  to  vary¬ 
ing  extent.  Consider  first  diamond  sawing.  While  extensive  studies  have  not 
been  conducted,  direct  comparisons  have  been  made  using  optical  grade,  hot 
pressed,  Mgl'2  as  shown  In  table  3.  The  circular  nature  of  the  blade  leaves 


TABLE  3 

K LEX URAL  STRENGTH  OK  AS-DIAMONl)  SAWN  MgK2* 


Bars _ 

0.36  x  0.63  cm 
1 .9  cm  span 


No.  of  Tests 


Strength 

MPa  kal 


71  *  21  10  *  3 


0.23  x  0. S3  cm 
1.27  cm  spann 


3  100  *  23  13  *  3 


Kodak  IK  window  grade  tested  In  3  point  flexure  with  a  1.27  mm/mln  head 
t  ra  ve 1  rate. 


an  arc  of  "sawing''  grooves  with,  In  turn,  presumably  result  In  a  direction¬ 
ality  of  the  strength  of  diamond  sawn  specimens  If  they  were  tested  as  a 
function  of  such  orientation.  This  has  not  been  explored,  most  specimens 
had  the  sawing  grooves  at  Intermediate  angles  (e.g.  ~  43°)  to  the  tensile 
axis.  The  strengths  of  typical  laboratory  sl/.e  bars  as  a  result  of  such 
diamond  sawing  are  In  the  same  range  but  somewhat  less  than  those  from  dia¬ 
mond  grinding.  Kractographlc  studies  In  this  material,  which  is  excellent 
for  such  studies,  show  definitive  flaws  at  fracture  origins  from  diamond 
sawing.  These  flaws  are  very  clearly  associated  with  more  extreme  surface 
grooves.  Again  both  sets  of  flaws,  i.e.  those  essentially  ~  parallel  and  ~ 
perpendicul ar  to  the  grooves  are  soon  (figs.  7  and  6)  with  the  former  tending 
to  dominate  failure  with  the  grooves  at  ~  45°  to  the  tensile  axis.*  Both 
the  strengths  (table  3)  and  actual  flaw  observations  (figs.  7  and  H)  show 
similar  si/.e  flaws  from  sawing  as  from  the  comparable  direction  of  grinding. 

Previous  studies  have  shown  that  stressing  relative  to  the  direction  of 
hand  sanding  results  in  a  similar  anisotropy  of  strength  relative  to  the 
direction  of  abrasive  particle  motion  .11 ].  Thun,  hand  sanding  (dry)  with 
SIC  abrasive  paper  clearly  suggests  that  there  are  again  two  populations  of 
flaws,  one  population  forming  parallel  and  the  other  forming  perpendicular 
to  the  motion  of  the  abrasive  particles.  The  difference  in  the  shapes 

of  the  two  sets  of  such  sanding  flaws  is  thus  apparently  very  similar  to 
those  of  the  two  sets  of  flaws  from  grinding.  Again  limited,  but  definitive, 
observation  support  this  conclusion,  e.g.  note  the  character  of  flaws  asso¬ 
ciated  with  hand  sanding  (fig.  9)  of  very  fine  grain,  high  strength  SIC  re¬ 
sulting  from  the  CNTD*  process  .321.  It  should  be  noted  that  this  similarity 
suggests  that  the  differences  between  grinding  and  sanding,  e.g.  orders  of 
magnitude  difference  In  abrasive  particle  velocity  have  a  limited  effect 


Such  results  indicate  that  much  study  of  mixed  mode  failure  can  be  done 
directly  with  machining  flaws  by  varying  the  angle  of  machining  relative 
to  the  tensile  axis,  rather  than  using  artificial  indent  Induced  flaws. 

♦ 

Essentially  a  modified  chemical  vapor  deposition  process. 

12 


Figure  7.  Kxamplos  of  machining  flaws  in  MgF2  from  diamond  Hawing.  A  and  B 
Hhow  tho  fracture  surface  in  the  vicinity  of  the  fracture  origin  (upper 
part  of  photon)  and  part  of  the  machined  tensile  surface  (lower  portion 
of  photon)  of  dense  hot  pressed  optical  grade  MgF^-  Note  the  deeper 
sawing  grooves  at  ~  45°  to  the  tensile  axis  and  that  each  of  these  ap¬ 
pears  to  have  a  machining  flaw  associated  with  It  on  the  fracture  surface 
e.g.  note  flaws  1  and  2  associated  respect i vely  with  sawing  scratches 
a  and  b  in  both  photos.  The  larger  flaw,  1,  is  clearly  the  origin  of 
failure.  Note  that  this  flaw  is  somewhat  less  elongated  than  average 
for  being  ~  parallel  with  the  machining  groove.  Fracture  stress  —  59  MPa 
(8,600  psl) 
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Flgurp  8.  Further  examples  of  flaws  froa  diamond  sawlnK  at  fracture  origins 
of  MkF'2-  A  and  K  show  another  example  of  an  elongated  flam  along  one  of 
the  deeper  sawing  grooves  at  •»  45°  to  the  tensile  axis  as  the  source  of 
failure.  C  and  I)  show  another  sawn  sample  of  the  same  hot  pressed  opti¬ 
cal  grade  MgF'2  failing  from  sawing  flaws  where  the  sawing  grooves  are  ~ 
parallel  with  the  tensile  axis.  This  illustrates  the  more  complex  char¬ 
acter  of  flaws  that  sometimes  can  be  encountered.  Failure  appears  to 
have  occurred  from  two  flaws;  l.e.  from  part  of  a  flaw  parallel  to  the 
grinding  groove  (1  In  D)  and  part,  or  all,  of  a  flaw  ~  perpendicular  to 
the  grinding  groove.  The  apparent  Intersection  of  two  such  flaws  at 
the  fracture  origins  Is  rare  but  Illustrates  some  of  the  complications 
that  can  arise. 


Figure  9.  Examples  of  flaws  from  sanding  CNTt)  SIC.  A  and  B  represent  lower 
and  higher  magnl f lcat 1 ons  of  the  fracture  origin  In  a  sample  sanded  —  par¬ 
allel  with  the  tensile  axis.  Noto  the  nearly  semi -circular  nature  of  the 
periphery  of  the  flaw  causing  failure  and  Its  curved  character.  Note  also 
that  It  Is  associated  with  a  somewhat  discontinuous  sanding  groove, (1). 

Note  also  that  each  of  the  other  sanding  grooves  marked  1  through  5  In  A 
has  a  flaw  associated  with  them,  but  smaller  than  the  flaw,  F,  whlcn 
caused  failure.  Note  also  that  some  of  the  other  flaws  arc  parallel  with 
the  grinding  groove,  e.g.  the  flaw  associated  with  scratch  3,  and  hence 
results  in  a  short  vertical  stop  on  the  fracture  surface.  A  number  of 
cases  of  this  type  of  behavior  are  observed  for  machining  falws,  further 
reinforcing  the  concept  of  the  two  flaw  population  observed  hero.  C,  D, 

E,  and  F  are  photos  of  flaws  at  the  origin  of  different  specimens.  Note 
the  generally  progressi vely  more  elongated  character  of  the  flaw  or  por¬ 
tion  of  the  flaw  exposed  on  the  fracture  surface  as  the  angle  of  the 
scratch  forming  the  flaw  Increases  relative  to  the  tensile  axis.  The 
much  smaller  flaw  sixes  In  this  material  may  reflect  In  part  its  extremely 
fine  grain  size,  e.g.  0.2  jjr,  but  may  also  be  significantly  affected  by 
the  apparently  fairly  high  residual  stress  that  may  exist  In  these  bodies. 
They,  however,  provide  an  excellent  opportunity  for  observing  such  scratches 


and  the  resultant  flaws  not  only  because  the  fine  size  allows  more 

definitive  f ractography ,  but  also  because  they  have  a  near  pristine  sur¬ 
face  to  begin  with,  i.e.  producing  strengths  of  the  order  of  up  to  or 
exceeding  3,500  Mlh»  (500,000  psi).  The  iailure  stress  of  the  specimens 
were  as  follows:  A,  B  -  1170  Ml>a  (170,000  psi);  C  -  986  MPa  (143,000 
psi);  D  -  778  MPa  (113,000  psi);  K  -  606  MPa  (88,000  psi);  F  -  220  MPa 
(32,000  psi) . 


which  is  predominately  of  degree  rather  than  of  a  kind  on  the  flaws  generated. 

The  third  other  form  of  abrasive  machining,  diamond  polishing,  has  been 
investigated  some.  Observat ions  have  been  made  on  materials  polished  in  a 
typical  fashion,  i.e.  with  the  specimen  mounted  on  a  di.**  which  is  allowed  to 
rotate  while  the  polishing  wheel  rotates.  This  results  in  a  net  pattern  of 
abrasive  particle  motion  over  the  suriaces  which  is  essentially  random  as 
sketched  in  figure  10.  Polishing  flaws  observed  at  fracture  origins  of 
single  and  polycrystalline  materials  studied  to  date  are  highly  elongated 
flaws,  e.g.  figures  11  and  12,  consistent  with  all  of  the  above  results  in 
the  following  fashion.  As  a  result  of  the  essentially  random  motion  of  the 
abrasive  particle  over  the  surface,  one  should  always  have  some  of  the  most 
severe  flaws,  i.e.  those  forming  parallel  with  the  direction  of  motion  of 
abrasive  particles  at  or  near  perpendicularity  to  the  tensile  axis  of  the 
resultant  test  bar  so  that  these  elongated  flaws  would  dominate  failure  as 
observed.  It  is  also  consistent  with  the  fact  that  one  has  to  do  rather 
extensive  polishing  to  obtain  significantly  higher  strengths  than  can  be  ob¬ 
tained  by  diamond  grinding  parallel  with  the  tensile  axis.  This  results  because 
of  differences  in  the  consistency  of  abrasive  particle  motion.  Although  the 
flaws  f rom  the  typical  polishing  operation  are  somewhat  shallower  than  those 
from  grinding,  strengths  of  polished  specimens  are  typically  being  controlled 
by  the  more  severe  set  of  flaws  generated  by  abrasive  motion  because  of  the 
essentially  random  direction  of  abrasive  across  the  specimen.  On  the  other 
hand,  specimens  ground  parallel  to  the  tensile  axis  have  their  strength  con¬ 
trolled  by  the  less  severe  population  of  flaws  generated  by  the  consistent 
motion  of  abrasive  particles  across  the  specimen. 

Two  factors  should  be  noted  about  the  polishing  flaws  observed.  First, 
their  periphery  tends  to  be  much  smoot her  in  contrast  to  the  more  Irregular 


POLISHING  WHEEL 


SPECIMEN 


Figure  10.  Schematic  representation  of  the  common  polishing  operation  and 
resultant  particle  and  scratch  patterns  on  the  surface  of  the  specimen. 
Typically,  these  will  approach  a  random  pattern;  hence  the  most  severe 
flaws,  i.e.  those  formed  essentially  parallel  with  the  particles  will 
dominate  failure,  even  in  uniaxial  stressing. 
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Figure  11.  Examples  of  ceramic  polishing  flaws.  A  and  B  show  the  arcs  of 
fracturo  and  the  fracture  origin  (arrows)  of  a  fine  grain  polycrystalline 
body  (hot  pressed,  optical  grade  MgF2>  as  a  result  of  polishing.  This 
sample  was  tested  in  biaxial  flexure,  failure  stress  ~  91.6  MPa  (13,300 
psi).  Note  the  elongated  character  of  the  flaws  as  well  as  their  rela¬ 
tively  smooth  periphore,  in  contrast  to  the  commonly  much  more  irregular 
shape  of  such  elongated  flawH  from  grinding.  See  figure  17  for  another 
similar  example.  C  and  0  show  the  fracture  origin  area  and  fracture 
origin  (arrows)  of  a  polished  specimen  of  AlgC^-rich  MgA^Oj  (Verneuil) 
single  crystal . 


nature  of  elongated  flaws  from  grinding.  As  shown  in  Sections  3  and  4.3, 
the  elongated  flawH  from  grinding  are  often  more  irregular,  e.g.  due  to 
thoir  being  made  up  of  a  series  of  smaller  flaws  of  varying  degrees  of  over¬ 
lapping  character.  This  smoother  character  of  polishing  flaws  may  well  rep¬ 
resent  oither,  or  both  of,  two  aspects  of  the  polishing  operations  relative 
to  the  grinding  operation.  The  much  slower  motion  of  the  abrasive  particles 
may  directly  be  the  cause  of  the  much  smoother  nature  of  the  flaw  periphery 
due  fer  example  to  less  variation  in  friction.  On  the  other  hand,  the  slower 
speed  of  the  abrasive  particles  may  indirectly  be  effectively  allowing  more 
opportunity  for  stress  corrosion  or  other  phenomena  to  result  in  a  smoother 
crack  periphery  during  machining  flaw  formation.  Secondly,  it  should  be 
noted  that  while  there  are  some  differences  between  grinding  and  polishing 
flaws,  overall  the  general  nature  of  the  flaws  introduced  appears  to  be  simi 
lar.  This  again  suggests  that  the  velocity  and  forces  associated  with  dif¬ 
ferent  abrasive  processes  are  not  a  major  factor  in  a  character  of  the  flaws 
that  are  introduced,  but  only  result  in  varying  degrees  of  the  flaw  parame¬ 
ters,  e.g.  their  depth  and  smoothness. 


4.3.  Machining  Flaw  Distributions  and  Strength-Size  Effects 


An  important  set  of  questions  is:  1)  how  variable  are  the  flaws  from 
machining  in  terms  of  size,  shape,  and  orientation;  and  2)  how  do  such  varia¬ 
tions  compare  with  the  observed  dependence  of  strength  of  specimens  on  their 
size  and  shape  due  to  the  differences  in  the  amount  of  surface  or  volume 
under  significant  stress.  While  much  yet  needs  to  be  done  in  terms  of  de¬ 
tailed  studies  of  the  variation  and  statistical  distribution  of  the  different 


Figure  12.  Examples  of  variation  of  grinding  flaws  In  hot  pressed,  optical 
grade  MgK^-  A  and  B  are  fracture  photos  of  the  area  of  origin  and  the 
failure  causing  flaw  (arrows)  from  grinding  parallel  with  the  tensile  axis, 
fracture  stress  —  64  MPa  (9,300  psl ) .  Note  the  unusually  elongated  char¬ 
acter  for  a  flaw  forming  perpendicular  to  the  direction  of  grinding.  This 
■ay  be  In  part  due  to  the  fact  that  this  flaw  is  next  to  the  edge  Of  the 
sample.  C  and  D  show  the  fracture  origin  and  failure  causing  flaw  (ar¬ 
rows  )  In  a  sample  of  the  same  materia)  ground  perpendicular  to  the  tensile 
axis;  failure  stress  -  50  MPa  (7,200  psl).  This  shows  a  somewhat  more 
exaggerated,  but  not  extreme,  example  of  the  type  of  variation  that  one 
can  have  In  flaws  forming  essentially  parallel  with  the  grinding  groove. 


types  of  machining  flaws,  some  important  observations  can  be  made  at  this 
time. 

A  variety  of  statistical  variations  of  flaws  are  observed.  One  of  the 
most  frequent  and  obviously  expected  variations  of  flaws  forming  parallel 
and  ~  along  the  bottom  of  the  grinding  grooves  Is  their  extent  and  regularity 
Basically,  these  often  appear  to  be  not  one  flaw,  but  a  scries  of  flaws  that 
partially  or  totally  overlap,  e.g.  see  figures  2, 3, 4, 8, 9,  and  12.  For  flaws 
of  the  type  characteristically  perpendicular  to  the  grinding  grooves,  a  lim¬ 
ited  but  definite  number  are  observed  forming  at  a  variety  of  angles  to  the 
grooves,  e.g.  figure  13.  In  finer  grain  bodies,  these  angular  variations 
represent  sporatlc  variations  of  the  material  or  variations  of  the  local  ma¬ 
chining  conditions.  However,  In  larger  grain  bodies,  and  single  crystals, 
especially  non-cublc  ones  where  planes  of  the  same  cleavage  system  may  not 
be  orthogonal,  orientation  of  preferred  fracture  planes  can  also  be  Import¬ 
ant,  figure  13C,  D. 

Also,  some  flaws  of  the  type  typically  forming  perpendicular  to  the 
grinding  grooves  may  also  be  wider,  l.e.  more  eccentric  than  -  half  penny 
flaws.  Again  local  variations  In  grinding  forces,  e.g.  a  deeper  grinding 
groove  or  flaw  forming  between  grinding  grooves  (e.g.  see  reference  20,  21), 
as  well  as  local  variations  in  material  properties.  Another  variation,  es¬ 
pecially  with  flaws  of  the  type  forming  perpendicular  to  the  grinding  grooves 
are  two  to  several  —  concentric  markings  before  the  final  flaw  boundaries. 
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Figure  13.  Examples  of  variation  In  flaws  forming  approximately  perpendicu¬ 
lar  to  the  direction  of  grinding,  a  and  B  are  fracture  photos  of  the  area 
of  origin  and  the  fracture  origin  arrows  In  a  specimen  of  fine  grain, 
dense  mulllte,  fracture  stress  ~  206  MPa  (30,000  psl).  Note  that  the  flaw 
is  at  a  substantial  angle  and  has  substantial  curvature  relative  to  the 
fracture  plane  and  the  tensile  axis.  While  some  such  flaws  may  actually 
be  the  continuation,  or  a  curved  end,  of  a  flaw  forming  parallel  with  the 
grinding  dlrection.clearly  many  of  them  are  not  and  are  simply  variations 
of  the  angle  of  flaws  forming  perpendicular  to  the  direction  of  grinding. 
This  sample  represents  an  extreme  mlsorlontatlon  of  such  flaws.  Note  also 
that  there  Is  no  obvious  deep  grinding  groove  associated  with  this  flaw 
and  that  there  Is  a  definitive  grinding  groove  to  the  left  of  it  in  B. 

C  and  D  are  photos  of  the  area  of  fracture  origin  in  dense,  hot  pressed 
SIC,  failure  stress  ~  372  MPa  (54,000  psl).  While  the  specific  fracture 
origin  and  the  machining  flaws  are  both  loss  well-defined,  1  Is  a  fairly 
probable  machining  flaw  and  2  Is  a  possible  machining  flaw  In  I).  Note 
that  these  arc  *»  equal  to  the  grain  size  and  that  neither  Is  associated 
with  obvious  grinding  grooves.  Note  also  the  substantial  angle  of  1 
relative  to  the  direction  of  grinding  and  the  tensile  axis  may  be  as 
much  or  more  due  to  the  orientation  of  the  grain  in  which  It  formed, 
e.g.  due  to  the  orientation  of  a  preferred  cleavage  plane  In  that  grain, 
rather  than  a  statistical  variation  In  the  machining  or  material  parame¬ 
ters  governing  the  formation  of  cracks. 


e.g.  figure  6.  Such  observations,  which  arc  more  common  than  shown  in  the 
examples  in  this  paper  indicate  that  the  flaws  are  often  formed  in  stages  by 
some  degree  of  oscillating  stresses,  or  with  other  vibration. 

Another  Important  variation  in  machining  flaws  is  the  formation  of  edge 
flaws,  such  as  along  the  edges  of  rectangular  test  bars  or  edges  of  compo¬ 
nents,  e.g.  trailing  edges  of  turbine  blades.  While  fracture  origins  from 
sample  edges  are  generally  readily  identified,  specific  flaws  are  not  always 
evident,  e.g.  figure  14.  However,  a  substantial  number  have  been  Identified, 


Figure  14.  examples  of  ill-defined  edge  flaws  at  fracture  origins  in  fine 
grained  ceramics.  A  and  R  arc  fracture  photos  showing  the  origin  of  a 
fine  grain  Zr(>2  body  partially  stabilized  with  8  w/o  V2O3,  fracture 
stresses  276  MPa  (40,000  psl).  C  and  D  are  similar  photos  of  fine  grain, 
dense  mulllte,  failure  stress  —  296  MPa  (43,000  psl).  Note  that  the  speci¬ 
mens  failed  from  one  of  their  edges  are  quite  definite  and  usually  fairly 
readily  determined  but  the  specific  flaw  size  and  shape  often  cannot  be 
defined,  though  first  approximation  would  simply  be  to  use  the  approxi¬ 
mate  dimensions  of  the  edge  chip  in  A  and  R,  or  lip  in  C  and  D  as  a  flaw 
dimension.  Such  fracture  origins  arc  quite  common  for  specimens  falling 
from  edges. 
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some  of  which  may  bo  close  to  a  quarter  ellipse  or  circle,  but  there  can  be 
a  variety  of  shapes  as  indicated  in  figure  15.  An  example  of  an  edge  flaw 
in  hot  pressed  is  shown  in  reference  21.  Some  indications  of  the  fre¬ 

quency  with  which  such  flaws  can  occur  are  given  elsewhere  .4?.  It  has  also 
been  shown  that  while  such  edge  flaws  may  be  more  severe,  and  hence  giving 
lower  strengths,  this  is  clearly  not  universally  so. 


An  important  question  is  what  are  the  spatial  and  size  distributions  of 
machining  (laws.  At  present,  only  partial  indications  of  these  distributions 
exist.  Thus,  for  example,  fracture  surfaces  have  been  examined  for  machin¬ 
ing  flaws  other  than  the  one  from  which  failure  initiated.  Such  examinations 
art’  most  definitive  in  the  smooth,  fracture  mirror,  area  since  machining 
flaws,  especlallly  smaller  ones,  will  generally  be  partly  or  totally  obscured 
in  the  hackle  and  crack  branching  regions  of  fracture  .12],  Thus,  more  area 
is  seen  on  weaker  specimens  which  could  bias  the  results.  However,  such  ob¬ 
servations  do  give  a  preliminary  idea  of  flaw  distributions,  e.g.  other  ma¬ 
chining  flaws  lO-SOf  the  size  of  the  one  causing  failure  have  been  reported 
within  —  100-300  urn  along  ground  surfaces  of  fine  grain  Mgl'2  and  As2S3 
glass  4  ] .  Similarly  note  other  machining  flaws  near  the  fracture  origins 
of  specimens  in  figures  7-9.  Finally,  one  other  preliminary  indication  of 
flaw  distributions  are  slow  crack  growth  observations  in  hot  pressed  SI3N4 
OIPSN).  At  elevated  temperatures,  flaws  begin  to  open  up  on  tensile  surfaces 
of  HPSN  due  to  local  deformation,  presumably  predominantly  by  grain  bound- 
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Figure  15.  Kxamplcs  of  specific  failure  causing  flaws  at  specimen  edges. 

A  and  (i  arc  photos  of  the  area  of  origin  and  specific  fracture  origin 
(arrows)  in  a  single  crystal  of  CaO  stabilized  Zr02,  failure  stress  105  MPa 
(15,300  psi).  C  and  D  are  fracture  photos  of  the  area  of  origin  and  ac¬ 
tual  origin  (arrows)  of  a  failure  causing  flaw  at  the  edge  of  a  hot  press¬ 
ed  MgF2. 


ary  sliding;.  These  opening  cracks  appear  to  often  originate  Iron  larger  ma¬ 
chining  flaws  (some  cases  of  this  have  been  verified  [2l]).  Therolore,  the 
distribution  of  theso  opening  cracks  gives  some  idea  of  the  surlace  density 
of  flaws,  e.g.  figure  16.  While  controlled,  e.g.  side,  lighting,  or  etching 


Figure  16.  F.xample  of  slow  crack  growth  opening  of  machining  flaws.  A  and 
B  show  hot  pressed  SI3N4  (HS-130)  tensile  creep  rupture  tested  at  87  MPa 
(12,500  psi)  at  1300<>C  (failure  strain  ~  13.8  x  10“  ).  Note  the  —  linear 
features  developing  on  the  surface,  shown  at  higher  magnification  in  U. 
Machining  flaws  such  as  those  identified  as  the  source  of  fracture  at 
lower  temperatures  (e.g.  fig.  18A,  B)  have  been  identified  as  a  major 
source  of  such  flaw  growth  l2l]. 


of  machined  transparent  bodies,  especially  of  glasses  and  crystals  can  be 
important  tools  in  better  defining  machining  flaw  populations,  opening  of 
flaws  due  to  slow  crack  growth  may  have  fairly  broad  applicability.  Thus,  a 
variety  of  AI2O3  and  other  commercial  ceramic  bodies,  such  as  crystal  1  ized 
glasses  .33,  are  known,  or  expected,  to  exhibit  slow  crack  growth  that  could 
be  exploited  for  further  definition  of  machining  flaw  populations. 

The  studies  thus  far  of  this  paper  have  been  made  mainly  on  bars 
—  1.3  x  2.6  x  13  mm.  While  much  strength-specimen  size  dependence  arises 
from  processing  defects  .5,6,34,35],  the  otwerved  size  dependence  of  the 
strength  of  ceramic  material  such  as  glasses  and  dense  polycrystalline  bodies 
where  machining  flaws  should  dominate  would  suggest  that  there  is  a  size 
dependence  to  the  maximum  flaw  size  Introduced  by  machining  samples  of  dif¬ 
ferent  sizes.  In  order  to  specifically  test  this,  large  liars  of  optical 
grade,  fully  dense,  hot  pressed  MgF2  were  ground  on  one  side  parallel  to  the 
tensile  axis  and  on  the  other  perpendicular,  then  tested.  Sections  of  these 
large  MgF2  bars  after  flexural  testing  were  then  cut  up  into  smaller  test 
bars  whose  tensile  surfaces  were  the  original  ground  surfaces  of  the  large 
bars  so  we  were  testing  the  same  flaw  population.  The  results  of  these 
tests  along  with  some  data  on  different  sets  of  B4C  specimens  are  shown  in 
table  4. 

The  results  of  table  4  suggest  a  possible  effect  of  the  specimen  size 
on  the  size  of  machining  flaws  controlling  strengths,  but  several  complica¬ 
tions  occur.  First,  since  the  same  head  travel  rate  was  used,  the  strain 
rates  wore  lower  for  larger  bars  allowing  more  slow  crack  growth  to  occur; 
thus  strain  rate  is  being  held  constant  In  other  tests  of  MgF2  and  SIO2 
based  glasses  now  underway.  Second,  processing  dcfocts  (and  possibly  varia¬ 
tions  in  B4C)  play  a  larger  role  In  the  failure  of  larger  bars,  limiting  the 
machining  results.  Third,  both  MgF2  and  BjC  have  Internal  stresses  due  to 
their  non-cubic  crystal  structures  which  limit  the  Increases  in  strength 
with  decreasing  flaw  size  .36].  Thus,  while  the  strength  results  do  not 
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strongly  show  a  nUv  effect,  the  flaw  observation*  more  strongly  Indicate 
such  an  effect.  In  order  to  minimize  theae  complications,  additional  testa 
are  now  under  way  on  SIO2  based  glasses.  However,  initial  results  have  been 
complicated  by  different  types  of  flaws  being  toaaon  sources  of  failure  in 
many  of  the  large  bar*.  Theae  flaws  represent  either  handling  damage  (which 
could  be  much  more  severe  in  larger,  i.e.  more  massive,  bars),  or  a  new,  much 
more  limited  population  of  machining  Induced  flaws,  e.g.  from  such  possible 
effects  such  as  damage  from  unusually  largo  swarf  particles  trapped  between 
the  specimen  and  grinding  wheel.*  Other  indications  that  a  si/.o  effect  for 
machining  flaws  may  exist,  but  may  generally  be  limited,  are  shown  by  frac¬ 
ture  origins  of  components  or  prototypes,  e.g.  figures  17,  18,  and  refer¬ 
ences  5,16,18,  and  19.  These  suggest  somewhat  deeper  flaws  than  in  test  bars, 
but  specimen  shape  may  a}so  be  a  factor.  Thus,  the  data  of  Hansal  and  Duck¬ 
worth  on  l»yroceram  9606  .34]  reporting  no  size  effoct  of  machining  is  not 
necessarily  at  conflict  with  the  preliminary  studies.  Either  their  material 
or  machining  may  have  produced  limited  changes  in  machining  flaw  sizes  not 
dlsccrnable  in  the  limited  number  of  observations  made.  (Again,  possible 
effects  of  internal  stresses  could  limit  strength  differences  between  differ¬ 
ent  size  bars  with  different  size  flaws.) 


Figure  17.  Photos  of  the  area  of  fracture  origin  and  actual  origin  (arrows) 
of  a  polished,  IR  dome,  Mg F2  failed  in  a  simulated  aero-thermal  heating 
test.  The  failure  stress  of  -  69  MPa  (10,000  psl)  estimated  from  the  ob¬ 
served  flaw  size  and  the  measured  rracture  energy  and  Youngs  modulus  is 
in  excellent  agreement  with  the  failure  stress  predicted  fro*  thermal 
analysis.  Note  the  similarity  In  size  and  shape  of  this  flaw  in  a  pol¬ 
ished  component  to  that  shown  earlier  In  figure  11  in  a  polished  MgF2  disk. 


Another  possible  source  of  different  flaws  are  those  formed  at  the  edge  of 
the  grinding  wheel  on  larger  bars  that  are  wider  than  the  wheel  In  contrast 
to  small  bars  which  are  narrower  than  the  wheel. 


Figure  18.  Examples  of  machining  1 1 awn  at  fracture  origins  in  hot  pressed 
S 1  ;(N.|  (NC-132).  A  and  U  are  photoH  of  the  area  of  fracture  origin  and 
the  fracture  origin  (arrows)  of  specimen  ground  circumferentially  for 
true  tensile  testing;  fracture  stress  312  VPa  (45,300  psl).  II  shows 
a  portion  of  the  highly  elongated  flaw  which  is  about  average  in  deflni- 
tion  for  such  flaws  in  SI3N4.  Other  clearer  examples  of  t hese  type*  of 
flaws  can  be  found  in  references  20  and  21.  C  and  l)  show  the  fracture 
origin  area  and  fracture  origin  (arrows)  in  a  simple  prototype  Si^Nj 
turbine  blade  spun  tested  to  failure  at  room  temperature.  The  specimen 
(courtesy  of  Ur.  Have  Rlchorson,  Garrett  A i research )  failed  in  the  attach¬ 
ment  area  where  stresses  arc  highest  and  machining  is  perpendicular  to 
the  blade  (tensile)  axis;  failure  stress  was  —  483  UPa  (70,000  psi).  Note 
the  Rlcherson  and  Yonushonls  [37]  have  shown  similar,  clearer  examples  of 
such  fracture  origins  in  failed  turbine  blades. 


5.  Summary  and  Conclusions 

Fractography  has  been  used  to  identify  machining  flaws  controlling  the 
strengths  of  a  variety  of  ceramic  bodies.  This  shows  that  sawing,  grinding, 
sanding,  and  polishing  all  Introduce  predominately  two  populations  of  flaws 
extending  in  from  the  surface.  One  set,  those  giving  the  lowest  strengths 
are  formed  essentially  parallel  with  the  machining  grooves  formed  by  the  grit 
particles  and  are  generally  fairly  elongated.  The  other  set  of  flaws,  those 
typically  giving  higher  strengths,  are  typically  formed  perpendicular  to  the 
machining  grooves  and  are  generally  less  elongated,  often  approaching  a  semi¬ 
circular  periphery.  The  differences  in  sl/.e  and  shape  in  these  two  sets  of 
flaws  combined  with  their  orientation  relative  to  the  direction  of  machining 
are  the  predominate  cause  of  the  anisotropy  of  strength  as  a  function  of  the 
stressing  direction  relative  to  the  direction  of  machining. 


Variation*  In  the  depth,  iihape,  and  orientation  of  the  above  Meta  of 
flawa  have  been  obaerved,  at  well  aw  effects  of  composition  and  mlcrostruc- 
ture.  While  homo  variations  in  flaw  orientation  appear  to  be  sporatlc  in 
larger  grain  bodies  where  flaws  are  similar  to  or  less  than  the  grain  in 
size,  and  especially  in  single  crystals,  the  orientation  of  preferred  cleav¬ 
age  planes  can  be  an  important  factor.  The  set  of  generally  elongated  flaws 
that  typically  form  parallel  with  the  machining  grooves  vary  from  a  continu¬ 
ous  flaw  to  a  aeries  of  partially  overlapping  flaws.  Flaws  forming  generally 
perpendicular  to  machining  grooves  often  have  a  fan  and  curved  character, 
e.g.  like  half  a  clam  shell.  No  obvious  effect  of  body  composition  is  seen 
on  the  size,  l.e.  depth,  of  either  set  of  flaw  Introduced,  and  decreasing 
grain  size  has  at  best  a  limited  effect  on  reducing  the  size  of  the  strength 
controlling  flaws  Introduced.  Thus,  the  typical  variety  of  machining  pro¬ 
cesses  commonly  introduce  flaws  in  the  range  of  20-50  depth  for  both  sets 
of  flaws  in  glasses,  single  crystals,  and  typical  grain  size  dense  polycrys¬ 
tals  in  most  laboratory  size  tost  bars.  Limited  evidence,  as  well  as  the 
statistical  nature  of  machining  flaws,  both  suggest  that  the  size  of  machining 
flaws  controlling  strength  Increases  some  with  specimen  or  component  size. 
However,  increasing  competition  from  other  flaws,  e.g.  processing  flaws  or 
flaws  Introduced  by  handling  processes  limit  such  machining  flaw  size- 
specimen  size  evaluation. 


Note  added  in  Proof 

Two  factors,  slowr  crack  growth  and  residual  stresses,  not  addressed  in 
the  text  should  bo  briefly  considered.  khlle  slow  crack  growth  might  increase 
flaw  sizes  by  50-10(F.  in  the  extreme,  this  would  not  change  the  strength  an¬ 
isotropy  unless  the  growth  was  significantly  different  for  the  two  popula¬ 
tions  of  flaws.  The  generally  good  agreement  between  measured  strength  an¬ 
isotropy  and  that  calculated  from  observed  flaws  argues  against  algnlf leant 
differences  in  flaw  growth.  Further,  fracture  energies  calculated  from  ob¬ 
served  flaw  si/.os  generally  agree  with  measured  values  (9,20-23,36)  unless 
altered  by  other  factors  such  as  thermal  expansion  anisotropy  (36]  .indi¬ 
cating  flaw  growth  in  most  of  these  materials  is  limited,  e.g.  <  5<T.  .  If 
residual  stresses  in  the  surface  from  machining  were  compressive  in  nature, 
they  would  compensate,  at  least  in  part,  for  slow  crack  growth.  On  the  other 
hand,  if  residual  stresses  are  tensile,  e.g.  as  indicated  in  recent  indenta¬ 
tion  tests  (private  communication  with  Dr.  Brian  lawn)  then  their  affects 
would  be  additive  to  those  of  slow  crack  growth.  Again,  the  above  results 
indicate  that  any  additive  effects  are  limited.  Thus,  while  further  study 
of  slow  crack  growth  and  residua]  stress  are  important  to  refine  our  under¬ 
standing  of  machining  flaw-mechanical  property  relations,  they  do  not  ap|M-ar 
to  require  major  changes  in  the  results  and  conclusions  of  this  study. 


TAULE  4 


SPECIMEN  SIZE-STRENGTH1  AND  FLAW  SIZE  EFFECTS  IN  GROUND  HAMS 


Ground 


Ground 


Strength 

ks 1  MPa 


FI**3 

p/* 


Strength 
ksl  UP* 


Fl»*3 

ALigi.  j*/» 


Mu Fa  (KODAK.  HOT  PRESSED.  -  0  POROSITY.  GRAIN  SIZE  -  0.5  m) 
Span  4  cm,  cross  section  1  x  1.8  cm: 


11 t2  76tl4 
(4) 


75*20  4*2 

(4) 


12*2  HO* 1 4 
(3) 


Span  1.27  cm,  cross  section  0.51  *  0.25cm: 

42*3  -  4  16*3  110*20 

(3)  (9) 


12*1  80*7 

(4) 


57*11  0.8*0. 3 

<3) 


BaC  (NORTON.  HOT  PRESSED.  «•  IT  POROSITY.  GRAIN  SIZE  10  um) 
Span  2.54  cm,  cross  section  1.27  x  0.60  cm: 


35*4  240*27  lOOtHO  1.1*0. 2 

(4)  (3) 

Span  1.27  cm,  cross  section  0.62  x  0.24  c* 

34*12  235*80  18*3  3*1 

(7)  (3) 


44*0  304*40 

(4) 


49*6  338*40 

(7) 


60*40  1*0.5 

(3) 


H,jC  (F1HER  MATERIALS,  HOT  PH  ESS  ED.  <  IT  POROSITY.  GRAIN  S IZE  2  urn) 
Span  1.9  cm,  cross  section  0.51  x  0.25  cm: 


19*2  130*14  29*11  4*1 

(5)  (4) 


47*12  325*80 

(5) 


13*8  2*1.8 

(3) 


Strength*  Measured  at  23°C  in  3  point  flexure  with  a  head  travel  rate  of 
—  1.27  nm/min. 

*  and  refer  respectively  to  the  direction  of  grinding  relative  to  the 
Oars'  tensile  axis.  Lower  numbers  In  parentheses  give  the  nuMher  of  values. 
The  fewer  nuMber  of  values  for  flaw  paraseters  than  strengths  reflect 
failure  from  processing  defects  or  specimen  edges. 

a  -  flaw  depth,  b  -  flaw  length  along  surface. 
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